The results of coating capacitive micromachined ultrasonic transducer (CMUT) arrays with two different biocompatible materials, parylene-c and polydimethylsiloxane (PDMS), are reported. These materials were characterized for use with CMUTs to enable direct contact transcutaneous and in vivo imaging. A passivation coating is required to provide electrical isolation to the active areas of the device and to protect it from a corrosive environment. It must also provide good mechanical characteristics to void imaging artifacts. The coated devices were compared side by side with uncoated devices for testing in air. The resonant frequency, collapse voltage and crosstalk were sampled. Parylene coated CMUTs were also tested underwater using pulse excitation. The parylene coating provided electrical insulation to the aqueous solution for 14 days. Both coatings showed a decrease in device resonant frequency and an increase in collapse voltage, as expected from the proposed theory.
Introduction
Current ultrasound imaging devices include composite and non-composite piezoelectric transducers that require high precision, labor-intensive mechanical dicing and lapping. As higher frequencies are being sought for ultrasound that would allow greater image resolution for applications such as small animal imaging, piezoelectric transducers are being scaled to smaller dimensions that require additional fabrication complexity.
The capacitive micromachined ultrasonic transducer (CMUT) is a new transducer technology under intense research. It has been demonstrated as a promising technology for ultrasonic imaging [1] [2] [3] [4] . CMUTs are made with batch fabrication techniques employed by the semiconductor industry, which is much more versatile than the mechanical dicing method for fabricating piezoelectric transducers, and are readily scalable in size. Additionally, the CMUT fabrication method allows multiplexing, pulsing and pre-amplifying electronics to be easily integrated on the same chip with the transducers or on a separate chip via flipchip bonding. This allows for 1D and 2D arrays of elements 3 These authors contributed equally to the manuscript. to be easily steered electronically, versus one mechanically steered piezoelectric transducer. CMUTs offer low unit cost, wide bandwidth and broad operation frequency range. A CMUT comprises a number of membranes over vacuum cavities. The membranes are deflected electrostatically and actuated in ac bursts to generate ultrasonic waves into the medium. Acoustic waves impinging on the membranes causes capacitance change, which is sensed by external circuitry. Figure 1 shows a cross section of two CMUT cells connected in parallel.
In order to use CMUTs in contact with living tissue or inside the living animals, a biocompatible material must coat the device and provide electrical isolation to the active areas of each array element. With membrane dc bias voltages ranging up to 200 volts, a coating is also necessary to protect living tissue from these high voltages. The coating must be thin to mitigate effects on device performance, but at the same time thick enough to prevent dielectric breakdown. In summary, CMUTs require a biocompatible passivation material that can be conformal for full coverage, electrically insulating, thin to reduce composite damping, impermeable to moisture and gases, and thermally and mechanically stable. Similar work has been done in this area for piezoelectric transducers. However, for piezoelectric transducers impedance matching to the surrounding medium is a big issue. Usually a protective coating for these transducers is applied on top of the thick (of the order of a quarter wavelength) impedance matching layers [9] [10] [11] . For CMUTs, on the other hand, impedance matching is not a problem due to the very low acoustic impedance of membranes. This allows for the coating for biocompatibility to be directly applied on the membrane. Many materials have been evaluated for biocompatibility, including many already common to silicon micromachining. Silicon, silicon dioxide, silicon nitride, silicon carbide, metallic gold and polymers such as SU-8 photoresist, parylene, PDMS and polyimide exhibit reasonable biocompatibility [12] [13] [14] . For this study, parylene and PDMS were chosen for their key material properties. These materials are widely used and available. Their coating techniques are relatively low cost and compatible with MEMS. Parylene has been shown to provide reliable passivation schemes for MEMS underwater sensors [15, 16] . PDMS was also used in this study to determine the effects of a softer coating. Table 1 summarizes the key material properties for these two coating materials, as well as those of the silicon membrane and water.
Device modeling and effect of coating
A CMUT can be modeled as a simple capacitor formed between two electrodes separated by a vacuum gap. The dc voltage applied between the top and bottom electrodes generates an electrostatic force that causes the membrane to deflect. If the dc bias is less than the collapse voltage, the electrostatic force and the mechanical restoring force exerted by the membrane counterbalance each other. In the transmit mode, an ac voltage, on top of the dc bias, is applied to generate ultrasound waves in the surrounding medium. In the receive mode, the incoming ultrasound wave causes the membrane to vibrate, and is detected by the change in capacitance.
An in-house software package has been developed at Stanford University to simulate the behavior of CMUT under numerous static and dynamic conditions. The core of this program relies on accurate calculation of displacement profile of the membrane for a specific dc bias voltage [17] . In summary, this program uses the governing equation of motion of a plate that, in a simple form, can be written as
In this equation, D is the flexural rigidity of the plate, w is the displacement of the plate and P is the pressure applied at the plate. For a compound membrane composed of two different materials, as shown in figure 2 , the equivalent flexural rigidity, D eq , can be calculated using [18] 
where
and where E, σ , ρ and l m represent the Young modulus, Poisson's ratio, density and thickness of the material, respectively. Also indices 1 and 2 refer to materials 1 and 2, respectively, as shown in figure 2 .
We have used this in-house software package to find the values of collapse voltage and resonant frequency of the device, before and after coating. The collapse voltage of a CMUT structure cannot be expressed as a closed-form formula and the software uses the proposed algorithm in [17] to calculate it. The lowest resonant frequency of the membrane in air, however, can be expressed as [19] f 0 = 1.6259 a 2 l m,eq D eq ρ eq (6) for a circular membrane of radius a, and
for a rectangular membrane of width W. In these formulae, l m,eq and ρ eq are the equivalent thickness and density of the compound membrane, respectively, and can be calculated as follows:
Note that for calculations before coating l m2 is set to zero.
Fabrication
Two different techniques for fabricating CMUT have been reported previously [20, 21] . The wafer bonding technique was used in this study, with an additional passivation layer deposition in step 11 (figure 3). A number of CMUT cell geometries are included in the mask layout. A 60 nm high cavity is etched in a highly conductive silicon wafer using both a buffered oxide etch (BOE) and a dry plasma etch. A silicon-on-insulator (SOI) wafer is then wafer bonded on top of the etched wafer using fusion bonding. The handle wafer is removed using wet etching in a hot tetramethylammonium hydroxide (TMAH) solution. The buried oxide layer is then removed by BOE, leaving a 2 µm membrane covering the cavities. Silicon membranes are separated by a dry plasma etch step. Then aluminum is deposited and ground and hot electrodes defined on the membrane and the silicon substrate, respectively. The devices are then separated from the wafer by dicing, and wire bonded to a printed circuit board. After wire bonding, the parylene is coated by vapor deposition polymerization (VDP) using a PDS 2010 Labcoater 2 (Cookson Electronics, Indianapolis, IN) to a final thickness of 2 ± 0.5 µm [22] . Figure 4 shows various views of the finished devices. The CMUT elements are 100 µm wide and 2 mm long. While parylene is a relatively hard material, PDMS is soft. The softer PDMS provides good transcutaneous contact without the use of an ultrasonic gel layer. By coating CMUTs with PDMS, further insight can be gained into the coating effects on device performance. PDMS was spin coated to a thickness of 5 µm. The spin coating process did not allow for coating of the bond wires. Therefore for the current PDMS coated devices, testing was completed in air only and no tests were performed underwater.
Device characterization
All the characterizations were carried out in the conventional mode. Throughout the operation in this mode, CMUT membranes are never in contact with the insulation layer covering the bottom electrode [23] . Coated and uncoated CMUTs were first characterized in air. A network analyzer (Model 8751, Hewlett-Packard Company, Palo Alto, CA) and a dc voltage supply (PS310, Stanford Research Systems, Sunnyvale, CA) were used to measure electrical input impedance of the array elements in air at different dc bias conditions. From the electrical input impedance measurements, the resonant frequency was determined as the frequency at which the real part of the impedance is maximal. The collapse voltage is defined as the voltage at which the electrostatic force between the membrane and the substrate overcomes the mechanical restoring force of the membrane, and the membrane contacts the bottom of the vacuum cavity. In the electrical input impedance measurements, the collapse voltage is determined by the abrupt change of the resonant frequency. The resonant frequencies and collapse voltages are summarized in table 2.
By coating the CMUT membranes with parylene, the collapse voltage increases due to the increased stiffness of the membranes. At the same time, the resonant frequency decreases. This is because the effects of the added mass overcome those of the added membrane stiffness. The measured values are compared with the analytical predictions based on the theory explained in section 2. Good agreement between theory and experimental results are obtained for resonant frequencies. The differences in the calculated and measured collapse voltages are likely due to the trapped electric charges in the dielectric layers of the CMUTs. In a CMUT with 48 µm circular cells, the real part of the input impedance shows a minimal value when the device is biased at about 25 V dc as opposed to 0 V dc, indicating a measurement offset of about 25 V. Similar charging effects were also observed in devices with other geometries. A method to prevent the charging effects in CMUTs has been reported in [24] .
PDMS coating has a minimal effect on the membrane stiffness and the collapse voltage because it is a soft material. Due to the uncertainty and non-uniformity of the PDMS layer thickness as a result of spin coating on a die level, the predicted and measured resonant frequencies show certain differences. However, the general trends between the theory and measurement agree. Figure 5 shows the real part of electrical input impedance for three similar CMUT devices with 48 µm circular cells: Figure 5 . Effects of parylene and PDMS coatings on the real part of the input impedance of a device with 48 µm diameter circular membranes. (a) The peak amplitude is ∼1200 (b) the peak amplitude decreases to ∼480 and (c) the peak amplitude decreases to ∼100 . (a) uncoated, (b) coated with 2-µm parylene and (c) coated with 5 µm PDMS. As seen in this figure, a small amount of coating may significantly dampen the resonance in air due to the high loss in the coating material. In fact, as we can see in figure 6 , the PDMS coated device has significantly more energy coupled to neighboring elements. However, the operation of the devices in water is different. The membrane motion is damped in the presence of water, and the coating layer should only increase the total stiffness of the membrane.
Since the coating layer is thin (a fraction of acoustic wavelength), when operated in water the absorption of ultrasound should be minimal in the coating layer in the direction perpendicular to the membrane.
The membrane displacements and acoustic crosstalk in air were measured using a laser vibrometer (Polytec Inc., Tustin, CA). The CMUT arrays under comparison were of the same dimension (31 µm diameter circular cells) and were biased at the same voltage of 40 V. The ac excitation was a 20-cycle sinusoidal wave at the resonant frequency of the CMUT, with a peak-to-peak voltage of 10 V. One element was excited for each array, followed by a cell-by-cell scan to detect the maximum displacement of the active and inactive cells. The peak membrane displacement in air for the active cells decreased by 18% and 7% with the parylene and PDMS devices, respectively. In air, a slight increase in element-toelement crosstalk was seen for parylene coated devices and a significant increase for devices with PDMS, as shown in figure 6 .
Parylene coated devices were characterized in water. In one experiment, pulse-echo was performed in deionized water (DI water) to verify successful operation in an aqueous and corrosive medium. DI water is also known to corrode aluminum electrodes [25, 26] . Moreover, water breaks down when subjected to high electric field [27] . Figure 7(a) shows the pulse-echo experimental setup. An aluminum reflector was placed near the transducer surface. The device (31 µm cell diameter) was excited with a 10 V pp , 10-burst, 14 MHz, sinusoidal ac voltage superimposed on a 70 V dc bias voltage. No leakage current was observed after applying the voltages. The CMUT transmitted a pulse and received the echo in a time figure 7(b) . A similar test setup was also used to verify device performance when in contact with MediGel, a material acoustically similar to living tissue. The CMUT was excited by a pulse signal and the echo was received after 3.2 µs. No dc leakage current was observed.
In another experiment in water, the membrane displacement of a parylene-coated CMUT (25 µm cell diameter) was measured with the laser vibrometer. This device was biased at 130 V dc, and excited with a 10 ns, 16 V pp ac pulse. Figure 8(a) shows the measured displacement at the center of the membrane in time domain. Figure 8(b) shows the corresponding velocity spectrum up to 30 MHz, which is the cutoff frequency of the laser vibrometer.
The degradation of parylene in tap water was also measured to assess coated device reliability. Full details of the pH value and ion contents of the tap water used in this experiment can be found in [28] . A CMUT device with parylene coatings of 2 ± 0.5 µm was tested while completely immersed in tap water. Passive immersion did not affect electrical isolation for a period of 14 days. A similar device was also tested with 1 kHz repetition rate pulse excitation during immersion and remained electrically isolated and operational for over 48 h.
Additional testing of parylene coatings was performed on different micromachined structures conformally coated with 0.93 µm of parylene. A cantilever structure with boron doped piezoresistive region was biased as part of a full Wheatstone bridge with 10 V pp . When the structure, piezoresistor, and interconnects were immersed in tap water, failure occurred around 100 h. An identical device was submersed in a 0.1 M phosphate buffered solution and failure was recorded after 1.5 h. Additional testing of actuated and passive devices coated with parylene in corrosive environments is necessary to determine the optimal coating thickness and expected lifetime for a given operating environment. A possible cause for the failure might be the delamination of the parylene layer. Investigations on adhesion promotion layers are planned to prolong the lifetime of the coating.
Conclusion
The parylene coating offered the necessary isolation and biocompatibility for CMUTs to be used in an aqueous and corrosive environment. The observed lifetimes of parylene coated devices may be sufficient for long-term use against skin. However, more evaluation is necessary for in vivo imaging in tissues and blood.
The results of testing PDMS coated devices in air are not enough for full reliability assessment. Spin coating of PDMS did not protect the bond wires, and the immersion tests were not performed. CMUTs with electrical through-wafer interconnects will facilitate the study of the effects of PDMS coating on device performance in immersion.
The change in resonant frequency and collapse voltage due to coating can be overcome with appropriate compensation in the dimensions of future device designs. Good agreement between the simulation and test results shows that the in-house analytical software package can be used to guide the design of CMUTs with coatings.
Thicker coating layers and multi-layer coatings are currently being researched. The acoustic characteristics of more coated CMUTs, especially in immersion, will be investigated. Electrical through-wafer interconnects will be incorporated with the next generation devices. Front-end electronic circuits will be integrated with these CMUTs. Ultimately, the feasibility of imaging pulsatile flow in the abdominal aorta of small organisms, such as neonatal mice will be studied using these devices.
